Introduction

22
Coccolithophores are some of the most important phytoplankton in the ocean. They can secrete 23 calcareous plates called coccoliths, which contribute significantly to discrete particulate inorganic 24 carbon in the euphotic zone and to CaCO3 fluxes to the deep ocean (e.g., Young and Ziveri, 2000; 25 Sprengel et al., 2002) . Coccolith morphyology, geochemisity and fossile assemblage composition 26 can reflect paleoenvironmental changes (e.g., Beaufort et al., 1997; Stoll et al., 2002; Zhang et al., 27 2016) . However, the use of coccolith geochemical analyses in paleoenvironmental reconstructions 28 was so far hindered by the difficulty of isolating coccolith compared with foraminifera. Two main 29 methods have been developed to concentrate near-monospecific assemblages of coccoliths from 30 bulk sediments: one is the method based on a decanting technique (Paull and Thierstein, 1987; Stoll 31 and Ziveri, 2002 ) and the other is that based on microfiltration (Minoletti et al., 2009 ). The 32 improvement of separation techniques offered a new perspective to study the Earth's history (e.g. 33 Stoll, 2005; Beltran et al., 2007; Bolton and Stoll, 2013; Rousselle et al., 2013) . Moreover, the 34 development of coccolith oxygen and carbon isotope studies in culture in recent years (e.g. Ziveri 35 et al., 2003; Rickaby et al., 2010; Hermoso et al., 2016; McClelland et al., 2017) has provided an 36 improved mechanistic understanding of coccolith isotope data and therefore stimulated the need for 37 more purified coccolith fraction samples from the fossil record. 38
Both decanting and microfiltering are widely used methods for coccolith separation. The 39 microfiltering method separates coccoliths with polycarbonate mircomicro-filter membrane (with 40 pore sizes of 2μm, 3μm, 5μm 8μm, 10μm and 12μm). This method is highly effective in the larger 41 size ranges, but is very time consuming in sediments with a high proportion of small (<5μm) 42 coccoliths (which tends to be the case in natural populations). It is also impossible to separate 43 coccoliths with similar lengths by microfiltration, such as Florisphaera profunda and Emiliania 44 huxleyi (Hermoso et al., 2015) . Decanting, on the other hand, is highly effective for the small-sized 45 coccoliths, because their slow settling times permit a greater ability to separate different sizes. 46
Consequently, in some studies, a combination of the micro filtering and sinking or centrifugation 47 where N1 and N2 are numbers of coccoliths counted in upper and lower suspension slides, 119 respectively; n1 and n2 are the number of FOV counted. V1 and V2 are the volume of the settling 120 vessel defined by the settling distance, as shown in Figure 2 . 121
The separation ratio, R, also has a relationship with sinking time, T (Appendix D): 122
where V1, V2 and D are shape parameters shown in Figure 2 ; and v is the average sinking velocity 124 of measured coccoliths. If we plot R against T, the slope of line has a relationship with v. Then liner 125 regressions between R and T were processed with MATLAB to calculate the v (details about error 126 analyses can be found in Appendix E). 127
There are still two issues to be explained. Firstly, to eliminate the shape differences among vessels, 128 all separation ratios have been transferred to calibrated separation ratios (Rcal), which means the 129 separation ratio measured in a standard vessel with V1=15 ml, V2=10 ml and D=6 cm (more details 130 about transformation from R to Rcal can be found in Appendix D). Secondly, we treated the average 131 sinking velocities as the sinking velocities of the coccoliths with the average length. This 132 approximation has been proved reasonable in Appendix D. 133 6
Detecting the potential influence of vessels 134
Seven commonly used vessels were selected to detect the potential influence of vessels (Figure 3) . 135
Two of them are made of plastics (No.2 and No.3 in Figure 3 ) and all others are pyrex glass vessels. 136
About 500 mg of sediment from core KX21-2 were pretreated as described in 2.2.1 and suspended 137 in about 500 ml diluted ammonia. After that, settling experiments were performed as described in 138 2.2.2 using different vessels. In these experiments, only the dominant species, G. oceanica, was 139 measured. 140
Other factors influencing the sinking velocity 141
Temperature can change the density and viscosity of liquid. Generally speaking, the higher the 142 temperature is, the lower the density and viscosity will become and the faster pellets will sink. Take 143 water for instance, if the temperature increases from 15 to 30℃, the particle sinking velocity will 144 increase by ~43% (Table 1 ). All sinking velocities measured or discussed in the following sections 145 were velocities at 20℃ to minimize the influence of temperature. 146
The calibration of sinking velocity in high concentration suspension has been calculated by 147
Richardson and Zaki (1954) 148
where the αs is the solids volume fraction. Based on equation 2-3, the higher the suspension 150 concentration is, the slower the sinking velocity will be. That is so called 'hindered settling'. When 151 the αs=0.2%, the reduction of sinking velocity owing to hindered settling is negligible (v/v0 equals 152 99.46%). Hence, in this study all suspensions have solid volume fractions lower than 0.2% to avoid 153 notable reductions of coccolith sinking velocities. 154
Results and Discussions
155
Influence of vessels 156
The sinking velocities of G. oceanica in the core KX21-2 in 0.2% ammonia at 20℃ measured in 157 different vessels vary from 0.99 to 1.23 cm h -1 . The lowest value occurred in the 100 ml centrifuge 158 tube and the highest sinking velocity was measured in the 50 ml centrifuge tube experiments. The 159 correlations between sinking velocities and different vessel parameters are quite low: r=0.13 for the 160 vessel inner diameter, r=0.0005 for the sinking distance and r=0.051 for the upper volume and total7 volume ratio (V1/(V1+V2)). The dissipation of energy by friction between the moving fluid and the 162 walls can cause a reduction of sinking speed (wall effect). A significant wall effect will be detected 163 when a particle is settling in a vessel with a diameter that is smaller than the 100 times of the particle 164 size by two orders of magnitude (Barnea and Mizarchi, 1973) . The length of coccoliths is on the 165 micron scales, so the diameters of vessel used in laboratory are more than four orders of magnitude 166 larger than coccoliths. Moreover, our results show that the difference between vessel materials, glass 167 and plastics, can also be ignored (Figure 4) . Hence, we suggest that vessel type almost has no 168 significant influence on sinking velocity of coccoliths. 169
However, our experiments were premised on the basis that the concentration of suspension was 170 equal among different vessels. This means that large vessels can treat more sediment at one time but 171 if we choose a larger vessel, more suspensions should be pumped and it often costs more time in 172 sinking (often due to longer sinking distance). Assuming that the sediment is composed of 50% 173 calcite (with density of 2.7 g cm -3 ) and 50% clay (about 1.7 g cm -3 ), the largest amount of sediment 174 that can be used without significant reduction of the sinking velocity (5%) is about 400 mg in 100 175 ml suspension (this calculation is based on equation 2-3). However, because sediments accumulate 176 in the lower suspension, the particle concentration can be more than 4 times higher than in the initial 177 homogenous concentration. This phenomenon will be more significant for a vessel with a narrow 178 bottom, such as centrifuge tubes. To avoid this, we recommend using about 100 mg dry sediment 179 suspended in at least 100 ml suspension to avoid 'hindered settling'. If more sediment is necessary 180 for geochemistry analyses, then a larger vessel should be selected to separate enough sample at one 181 time. 182
Sinking velocities at 20℃ in 0.2% ammonia 183
We measured the separation ratios of different coccoliths in comparison tubes at 20℃ in 0.2% 184 ammonia ( Figure 5 ). The sinking velocities of coccoliths were then calculated by linear fitting of 185 separation ratios and settling durations. The sinking velocities of studied coccoliths vary by two 186 orders of magnitude from 0.154 cm h -1 to 10.67 cm h -1 (Table 2 ). The highest sinking velocity was 187 found in the measurement of Coccolithus pelagicus and the lowest velocity was found for F. Furthermore, this factor is analogous to the shape-mass factor, 'ks' used to relate coccolith mass to 210 coccolith length (Young and Ziveri, 2000) . The length and shape-velocity factor of coccoliths can 211 be used to predict most of the sinking velocity variations, however, variations may also arise due to 212 changes in coccolith mass and thickness, for a given length, and due to the hydrodynamics of 213 particular shapes. We noticed that the smaller coccolith G. caribbeanica has a greater sinking 214 velocity than the larger coccolith, G. oceanica. We suggest that this was caused by greater mass per 215 length (or greater average thickness) in the case of G. caribbeanica and this may be due to the closed 216 central area while G. oceanica has an open central area. Another example is H. carteri, which lower 217 sinking velocity of which can be explained by the unique structure of H. carteri coccolith . Firstly, 218 the broad edge of H. carteri can increase the drag force significantly. . Moreover, most of the 219 measured coccoliths have a ellipticity (major axis length and minor axis length ratio) larger than 0.8, 220
while the ellipticity of H. carteri is around 0.6, which means the mass of H. carteri is smaller than 221 other species of coccoliths with similar lengths (Figure 6d and Figure C3 ). That is also the reason 222 H. carteri was excluded from the general regression in equation 3-1. In the case of partial dissolution, 223 the well-preserved Cyclicargolithus floridanus may have higher mass than dissolved (or 224 disarticulated) Cy. floridanus, and therefore a slightly higher shape-velocity factor. 225 This step has been well described in pervious studies and more details can be found in 260
Suggestions for coccolith velocity estimations and separations
Stoll and Ziveri (2002) and Bolton et al. (2012). 261
We find, if we use the general formula, a closed central area coccolith will sink faster than prediction 262 (for G. caribbeanica and small Ca. leptoporus will settle ~40% faster) and coccoliths with greater 263 ellipticity can settle much slower (for H. carteri will settle as 30% of the predicted sinking velocity 264 for coccolith with similar length). Moreover, the sinking method cannot separate every species of 265 coccoliths perfectly. As mentioned in Section 2.2.1, P. lacunosa and U. sibogae cannot easily be 266 separated from each other because they have similar sinking velocities. Nevertheless, this study 267 provides the first direct estimation of coccolith settling velocities, which should simplify 268 implementation of future methods to separate coccoliths by settling time. Figure C3 . The short names of coccoliths can be found in Table 2 . in sample from core KX21-2 were calculated by the length distribution and velocity factors in Table 2 .
330
The yellow dots represent sinking velocities of coccoliths with mean length. The edge of boxes show 331 the sinking velocities of coccolith within one standard deviation of length (±1σ) and the whiskers 332 mark the sinking velocities of coccolith within two standard deviation of length (±2σ).
To measure the distal shield length of coccoliths, pictures were taken at a magnification of 1250x 472 under circular polarized light. The coccolith lengths were measured by using the image analysis 473 software, ImageJ. More than 5 pictures were taken and more than 50 (usually more than 100) 474 coccolith specimens were measured. The length distributions of coccoliths measured in our 475 experiments were shown in the Figure C1 . 476 477 Figure C1 . Size distribution of coccolith measured in the present study. The shorten names of coccolith 478 follow Table A1 .
479
The classification of coccoliths by length was supported by mixture analysis in PAST (Hammer et 480 al., 2001) 
Appendix D. Coccolith movement in gravity settling
497
In this part, the derivation of equation will be explained in detail including proofs of several 498 assumptions mentioned in the methods part. 499
When the well mixed sediment begins to sink, the decrease of coccoliths number in the upper 500 suspension (Nu) can be described as following equation: 501
where the D is the length of upper suspension and Nu(t=0) /D is the initial number of coccolith in 503 cross-section with a unit thickness, v is the mean sinking velocity of coccolith. In practice, the 504 velocities of coccoliths are different, so we assume the measured velocity is the mean sinking 505 velocity of bulk coccolith. This assumption will be proved valid in the following.. The particle can 506 reaches 99.9% of the maximum sinking velocity within only 10 -7 s, so we assume the particle sinks 507
as maximum velocity from the beginning of its settling. 508 Do integration for the equation D-1, we can get the variation of coccolith number in the upper 509 column over time: 510
where T is settling time. After a period of time (T), we pump out the upper suspension. Here we 512 define the number of coccoliths in the upper supernatant dividing the total coccoliths number in the 513 tube (Nt) as separation ratio (R), which represents the percentage of total coccoliths removed in one 514 separation. R can be expressed by 515
Assuming all coccoliths are uniformly distributed in the suspension at the beginning of settling, 517 Nu(t=0) has relationship with Nt as follow: 518 to calibrated separation ratio (Rcal), which represents the separation ratio made in a standard vessel 529 with V1std=15 ml, V2std=10 ml and Dstd=6 cm. This step can be described by equation D-6: 530
After calibrated, the slope of Rcal-T (k) has relationship with v as following equation: 532
where k is the slope of Rcal against T from regression and other parameters are as described above. 534
Hence, the sinking velocity of different coccoliths can be achieved by measuring the variations of 535
Rcal over time. 536
The coccoliths' lengths in the sediment have some varations. So what we measured is actually the 537 bulk settling velocity of whole coccolith population. We also offer a test for the assumption that the 538 average sinking velocity of all coccoliths can be treated as the sinking velocity of coccoliths with 539 the average length. Here we used the data of G. oceanica. A normal distribution was fitted to the 540 measured length distribution ( Figure D1-a) . We generated 100000 coccolith following the normal 541 distribution and let these coccolith evenly distributing in the comparison tube at the initial and then 542 set them sinking without collisions with each other. The sinking velocities of different size 543 coccoliths were calculated by the velocity-shape parameter 'kv' as described in discussion part. We 544 modeled the coccoliths sinking process and computed the separation ratio (red dash line in Figure  545 D1-b), coccolith length (red dash line in Figure D1 
558
For G. oceanica experiments, the instant sinking velocity would not change significantly until 559 settling for more 3 hours. That means for all Rcal larger than 15% are safe for liner regressions. The 560 minimum safe number of Rcal will descend with the drop of dispersion degree of coccolith length 561 distribution. Hence our assumption for average sinking velocity and the use of liner regression are 562 proved to be reasonable. 563 
